Objectives: Very different labelling conventions are employed by different products of colistimethate (CMS), an inactive prodrug of colistin that is used as a last-line defence against Gram-negative 'superbugs'. This study examined the chemical composition and pharmacokinetics in rats of four commercial parenteral products of CMS.
Introduction
Over the last two decades there has been a remarkable increase in resistance to almost all current antibiotics. 1 In particular, for the Gram-negative 'superbugs' identified by the Infectious Diseases Society of America (IDSA) (e.g. Pseudomonas aeruginosa, Acinetobacter baumannii and Klebsiella pneumoniae), there are few therapeutic options available; unfortunately, no new antibiotics active against these bacteria will be available for many years to come. 1 -3 Increasingly, polymyxins, mainly colistin (also known as polymyxin E), are often used as a last-line therapy. 4 -7 Colistin (Figure 1 ) is a mixture of multiple components with colistin A and B as the two major components, differing only in the structure of their N-terminal fatty acyl chains. 8, 9 Colistimethate (CMS; Figure 1 ; synonyms colistin methanesulphonate, colistin sulphomethate and sulphomethyl colistin), an inactive prodrug of colistin, 10 is the only parenteral form used clinically for colistin. 5 In CMS, the side chain amino groups of the diaminobutyric acid (Dab) residues of colistin are derivatized with methanesulphonate groups (Figure 1 ). Colistin is a polycation at physiological pH due to the five primary amine groups, while CMS is a polyanion due to the covalent addition of methanesulphonate moieties. 5, 9 CMS is generally not stable and converts to colistin in vitro 11, 12 and in vivo after administration in animals 13, 14 and humans. 15 -21 CMS is believed to be a rather complex mixture of various intermediates of methanesulphonate derivatives (i.e. different numbers and locations of methanesulphonate moieties on the colistin molecule). 11 It is still unknown whether all five of the primary amine groups of colistin are methanesulphonated in CMS. 5, 11 Even for a single colistin component (e.g. colistin A), there can be 32 (i.e. 2 5 ) different chemical entities in CMS, including colistin, depending on the number and location of methanesulphonate groups attached. CMS has been off patent for many years and currently there are at least four commercially available parenteral products of CMS worldwide. These products employ very different dosage definitions. 5, 22 In North America, Australia, Singapore and Thailand, the labelling convention of CMS products [i.e. colistin base activity (CBA) per vial] is based upon in vitro standardization of microbiological activity relative to that of colistin base, while in the British Pharmacopeia and European Pharmacopeia CMS products are labelled with international units per vial. Therefore, there is great potential for confusion among clinicians wishing to administer CMS to patients and in comparing pharmacological data from studies conducted invarious parts of the world. This significant labelling inconsistency was first noted in our review 5 and highlighted again by a recent fatal case due to the confusion associated with the dose definitions. 23 To complicate the issue even further, currently very little is known about the chemical compositions of the different brands of CMS products. The aim of this study was to examine the chemical composition and pharmacokinetics in rats of the four commercial parenteral products of CMS.
Materials and methods

Antibiotics and reagents
Colistate 150 (Atlantic Laboratories Corp Ltd, Bangkok, Thailand) and Colomycin Injection (Forest Laboratories, Kent, UK) were kindly provided by the respective companies, while Colistimethate for Injection USP (X-GEN Pharmaceuticals, Inc., NY, USA) and Colistimethate for Injection (Paddock Laboratories, Inc., MN, USA) were purchased from these companies. All four parenteral products are presented as lyophilized powders for reconstitution prior to administration. Colistin (sulphate) and CMS (sodium) were obtained from the U.S. Pharmacopeia (Rockville, MD, USA). The derivatizing reagent 9-fluorenylmethyl chloroformate (FMOC-Cl) was from SigmaAldrich (Sydney, NSW, Australia). Acetonitrile, acetone, methanol (Biolab, Scoresby, VIC, Australia) and tetrahydrofuran (Science Supply, Mitcham, VIC, Australia) were HPLC grade. All other reagents were of analytical grade. Water was purified by a Milli-Q system (Millipore, Billerica, MA, USA). All solutions were stored at 48C.
Characterization of four different brands of CMS by elemental analysis and HPLC
The contents per vial of the four different brands of CMS were weighed (n ¼3) and elemental analysis (C, H, N, S, O) was conducted by CMAS Figure 1 . Chemical structures of colistin and colistimethate (CMS). Thr, threonine; Leu, leucine; Dab, a,g-diaminobutyric acid (a and g indicate the respective amino group involved in the peptide linkage).
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(Chemical & MicroAnalytical Services Pty Ltd, Highton, VIC, Australia). Briefly, samples were burned in the presence of oxygen and injected into a helium carrier gas flow. Combustion was completed over copper oxide, then excess oxygen was removed. Nitrogen oxides were reduced to nitrogen and sulphur trioxide to sulphur dioxide in a layer of metallic copper. The remaining combustion gases (nitrogen, carbon dioxide, water and sulphur dioxide) were separated by gas chromatography and measured using a hot-wire detector. 24 The measured elemental contributions were compared with the average theoretical molecular weight (mol. wt) of CMS sodium (C 57. 5 Liquid chromatography -mass spectrometry (LC-MS) analysis was conducted using a Shimadzu LCMS 2010 EV quadrupole mass spectrometer equipped with an electrospray ionization (ESI) source coupled to a Shimadzu Prominence chromatography system (Kyoto, Japan). Reversedphase (RP) HPLC analysis was conducted with a Phenosphere-NEXT C18 column (5 mm, 150×4.6 mm). Solutions of colistin (U.S. Pharmacopeia) and the four different brands of CMS products were prepared in Milli-Q water at 5 mg/mL, and Milli-Q water was used as the control. An aliquot (100 mL) of each solution was injected into the RP-HPLC system. A linear gradient was employed: 0%-100% mobile phase B over 12.0 min at a flow rate of 1.5 mL/min (mobile phase A: 0.05% [v/v] trifluoroacetic acid (TFA) in water; mobile phase B: 0.05% [v/v] TFA in acetonitrile). The eluent was infused directly into the ESI source. Mass spectra were acquired in the positive ion mode over 50 min with a scan range of 200-1800 m/z. The chromatographic system also included a photodiode array detector that was set at 214 nm.
Pharmacokinetic study
All animal experiments were approved by the Monash Institute of Pharmaceutical Sciences Animal Ethics Committee, Monash University, and were complied using the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. The pharmacokinetic study followed our previous method with minor modifications. 13 Briefly, Sprague-Dawley rats (male, body weight 263-326 g) were anaesthetized using isoflurane by inhalation and a polyethylene cannula was inserted into the jugular vein. Each rat was placed into a metabolic cage and allowed unrestricted access to food and water. Following overnight recovery, CMS (28.1 mg/kg, n¼4 per product) was administered as a bolus (in 200 mL of sterile saline) through the jugular vein cannula followed by flushing with 1 mL of heparinized saline. Blood was collected through the cannula before the dose and at 5, 10, 20, 30, 60, 90, 120 and 180 min after administration of CMS. Blood samples were immediately placed into pre-heparinized tubes on ice and centrifuged at 10000 g for 5 min. Plasma samples were immediately stored at 2808C and analysed for colistin and CMS within 4 weeks. 25 
Quantification of CMS and colistin in plasma by HPLC
Concentrations of CMS and formed colistin in plasma were determined by HPLC with minor modifications. 26 -28 The injection volume was 30 mL and the mobile phase was acetonitrile-tetrahydrofuran-water (50 : 30: 20, v/v). Calibration curves for CMS (U.S. Pharmacopeia) and colistin (U.S. Pharmacopeia) ranged from 0.31 to 30.0 mg/L and from 0.13 to 1.50 mg/L, respectively. The low limits of quantification were 0.31 mg/L for CMS and 0.13 mg/L for colistin (n¼4), with accuracy and reproducibility within 15.0% for both entities. Analysis of independently prepared quality control plasma samples (1.00, 10.0 and 30.0 mg/L for CMS; 0.25, 1.00 and 3.00 mg/L for colistin) indicated good reproducibility (coefficients of variation ≤15.0%) and accuracy (measured concentrations ≤14.9% from respective target concentrations).
Data analysis
Group data are presented as mean+standard deviation (SD). Noncompartmental analysis of pharmacokinetics of CMS and formed colistin was performed using WinNonlin (version 5.2.1; Pharsight Corp., Cary, NC, USA). 13 For the four different brands of CMS, the differences in the elemental composition, total body clearance and volume of distribution of CMS, the AUC 0 -180min of CMS and formed colistin and their molar ratios were evaluated using analysis of variance (ANOVA). A P value ,0.05 was considered significant.
Results
X-GEN, Paddock and Atlantic products, labelled with 150 mg 'colistin base activity', contained 360 mg CMS (sodium) per vial, while the Forest product (labelled with 2 000 000 IU) contained 160 mg CMS (sodium) ( Table 1 ). The elemental composition of vial contents was similar for all four brands (P ¼0.20). However, the nitrogen and carbon contents were .10% lower than the theoretical values expected for colistin penta-methanesulphonate, while the oxygen content was .33% higher than the theoretical value (Table 1) . Based upon the RP-HPLC analysis of the four brands, the chromatographic profile of the Atlantic CMS was distinct from those of the other three CMS products (Figure 2) . None of the four brands had evidence of the presence of detectable colistin (Figure 2) . Figure 3 shows the mean (+SD) plasma concentration-time profiles of CMS and formed colistin in rats after administration of each brand (28.1 mg/kg). The profiles of CMS were very similar across all products. According to the peak areas in HPLC analysis, the ratios of CMS B to CMS A of the X-GEN, Paddock and Forest He et al.
products in rat plasma over 180 min after CMS administration were 0.15+0.054, 0.15+0.044 and 0.17+0.059, respectively, while that for the Atlantic product was 0.98+0.20. Clearly, for a given product the ratios were generally consistent over the experimental period but differed in the Atlantic product. The pharmacokinetic parameters of CMS and formed colistin, AUC 0-180min and their molar ratios for different brands of CMS products are presented in Table 2 . There was no significant difference in the values of total body clearance (CL, P ¼0.62), volume of distribution (V z , P ¼ 0.42) and AUC 0-180min of CMS (P ¼ 0.58) among the different CMS products (Table 2) . However, for formed colistin, significant differences were observed across the four different brands of CMS in the AUC 0-180min (P ¼ 0.0121) and the ratio of the AUC 0-180min of colistin to that of CMS (in molar terms; P ¼0.0157).
Discussion
Considering CMS is an inactive prodrug, 10 the use of microbiological assays to standardize antibacterial activity in vitro may not necessarily reflect the exposure to formed colistin in vivo. In order to optimize the clinical use of CMS/colistin, it is important to investigate the compositions of different CMS products and determine their pharmacokinetics in animals. Such a study will greatly help clinicians compare pharmacokinetic and pharmacodynamic data from studies conducted in different parts of the world.
As colistin is a generic drug, it is difficult to identify the manufacturers of the CMS raw material used in all four brands of parenteral products investigated here. Colistin contents in all four products of CMS were negligible (Figure 2 ). For the vial contents of each brand, our quantitative elemental analysis did not reveal any substantial differences in the content of carbon, hydrogen, nitrogen, oxygen and sulphur. This suggests that the different CMS products have similar elemental compositions and peptide content. The observed deviations from the theoretical values (the low content of carbon and nitrogen and higher content of oxygen) and non-deviations (hydrogen and sulphur) (Table 1) showed that the peptide content of the samples was 88% based upon the carbon and nitrogen content, with the remaining 12% most likely consisting of sodium counter ions and water, as well as bisulphate salts. These JAC results also suggest that the CMS content in the four brands is not exclusively the penta-methanesulphonate form.
The RP-HPLC analysis revealed that three of the four brands had very similar chromatographic profiles (Figure 2) . Furthermore, the multiplicity of peaks observed in the chromatograms for all four products supports previous observations that CMS is a mixture of a number of different methanesulphonate derivatives 11 rather than exclusively the penta-methanesulphonate form as suggested by the elemental analysis. Attempts were made to further separate the peaks and identify via MS analysis the individual peaks in the HPLC profiles for all four brands (data not shown); however, no molecular ions corresponding to the expected methanesulphonate derivatives were observed. It is very likely that this was due to fragmentation of the methanesulphonate groups in the ionization source during MS analysis.
The plasma concentration -time profiles of CMS were generally consistent among all four products after intravenous administration (28.1 mg/kg; Figure 3a ). As discussed in our previous study 13 and above in relation to the chromatographic profiles in Figure 2 , the pharmacokinetic parameters for CMS should be considered as hybrid parameters for CMS and the partially sulphomethylated derivatives present initially in the product and formed during the in vivo conversion of CMS to colistin. For all CMS products, formed colistin appeared in the plasma of all rats within 5 min after administration of CMS and achieved C max in 1 -1.5 h (Figure 3b) . The pharmacokinetic parameters of CMS and formed colistin estimated in the present study are generally consistent with those previously reported for rats. 13, 14, 29 The terminal half-life of formed colistin was longer than that of CMS ( Table 2 ), indicating that the disposition of colistin was not rate limited by its formation from CMS. The AUC 0-180min of formed colistin was significantly lower for Paddock and Forest products (P¼ 0.0121) than for the other two products, most likely due to differences in the conversion of CMS to colistin. The ratio of AUC 0-180min of formed colistin to that of CMS was very low (,3.5%) across all four brands, consistent with only a very small percentage of CMS having been converted to colistin systemically after intravenous administration, as reported previously. 13, 14 It is noteworthy, however, that there were clear differences across the CMS products in the time course of plasma concentrations of formed colistin (Figure 3b) , and the molar ratio (%) of the AUC 0-180min of colistin to that of CMS differed almost 2-fold (1.68%+0.35% to 3.29%+0.43%; Table 2 ). The chemical differences observed chromatographically (Figure 2 ) may have led to the different plasma concentration -time profiles of formed colistin in rat plasma after intravenous administration of the various CMS products (Figure 3 ). While all products had been standardized microbiologically in vitro, the exposure to formed colistin in vivo differed. Considering that scientifically based dosing recommendations for intravenous CMS should be based upon the exposure to formed colistin in patients, 16, 19, 21 clinical investigations are needed on the pharmacokinetics of formed colistin across different brands of CMS.
In conclusion, this is the first study to demonstrate that different brands of CMS from various countries had similar elemental compositions and comparable pharmacokinetics to CMS in rats but generated different exposure to colistin in vivo. The study has significant implications for the interpretation of pharmacokinetic, pharmacodynamic and toxicodynamic studies of CMS conducted in different parts of the world. 
